Pearl dace (Semotilus margarita) were held in cages and exposed to mine effluents, municipal wastewater effluents, a combination of the two, or to the combination in addition to runoff from a garbage disposal facility. Fish exposed to mining effluents only had the lowest mean lengths and weights but highest concentrations of As, Ni and Hg and lowest Zn in their viscera. Fish exposed to municipal wastewater effluents only had the highest concentrations of Cd and metallothionein in their viscera. Histopathological analyses of gill and liver tissues revealed a higher incidence of lesions in fish exposed to municipal wastewater effluents. These fish also had the highest LSIs, condition factors and mean vitellogenin concentrations in plasma from males. Fish exposed near the garbage disposal site had the highest concentrations of Pb and Se in their viscera.
Introduction
Several countries, including Australia, Canada and Sweden are developing and implementing biomonitoring programs as a means of assessing liquid industrial discharges into aquatic ecosystems (Munkittrick et al. 2002b ). In Canada, discharges of these industrial effluents into aquatic habitats are regulated by the Fisheries Act. Amendments made in 2002 to this legislation mandated a requirement to determine end-of-pipe discharges of contaminants. Metal mines, for example, are regulated for discharges of arsenic, cyanide, copper, lead, nickel, zinc, total suspended solids and 226 Ra (Bq/L) to receiving waters (MMER 2002) . The Fisheries Act also requires metal mines to conduct environmental effects monitoring (EEM) to evaluate the health of aquatic biota in receiving waters (Dumaresq et al. 2002; MMER 2002; Munkittrick et al. 2002b) . EEM programs evaluate the adequacy of regulation discharge limits for the protection of fish, fish habitat and the use of fisheries resources.
Metal mines and mills are commonly located in municipalities where waterways are affected by multiple stressors. Balmer Creek in northwestern Ontario (Klaverkamp et al. 2002b; Palace et al. 2003; Doebel et al. 2004 ) is a waterway used as a case study for evaluation of biomonitoring responses in fish. It receives 3 major sources of contaminants over a 7-km stretch originating from treated effluents from two gold mines, discharges of treated municipal wastewater effluents, and runoff from an open-pit garbage disposal facility (AQUAMIN 1996) . Upstream of Balmer Creek, Balmer Lake has served as a tertiary treatment pond for tailings and effluents discharged by two gold mines operating since the late 1940s.
Because industrial and municipal activities result in multiple discharges of contaminants to aquatic ecosystems, requirements for addressing cumulative effects are included in the Canadian Environmental Assessment Act (Munkittrick et al. 2000) . Caged bivalves have been used in regulatory biomonitoring programs (Salazar and Salazar 1997) . They provide the advantage of control, environmental realism, defined exposure, low maintenance and suitability for evaluating cumulative exposures. Additional research is required before caged forage fish are accepted in regulatory biomonitoring programs (Palace, In press ).
The general objective of this study was to evaluate the use of a caged forage fish, pearl dace (Semotilus margarita), for assessing the effects of contaminants, including metals, metalloids and sewage. Specific objectives included establishing the extent and magnitude of metal and metalloid contamination, and to determine effects of the contaminants on fish. At the biochemical level, concentrations of metallothionein (MT), a metal-binding protein associated with acclimation to some metals (Olsson 1996; Olsson et al. 1998) , and vitellogenin (VTG), a yolk protein induced by estrogenic contaminants, were measured. Additionally, vitamins A and E as indicators of estrogen (Ternes et al. 1999; Palace et al. 2002; Werner et al. 2003; Palace et al. 2001a,b) and/or organic contaminants were also assessed (Palace et al. 1997 (Palace et al. , 2005 . Higher level responses were examined in gill, kidney and liver using histopathology, liver somatic indices (LSI), gonadal somatic indices (GSI) and whole-body parameters of length, weight and condition factor.
Materials and Methods

Study Site
The study site along with sampling sites for water and caged fish exposures are shown in Fig. 1 . The general mine site, history, geology and methods for mining and milling have been described (AQUAMIN 1996) . Up until 1991, amalgamation with mercury was used to extract the gold. After 1991, the leaching of flotation tailings in cyanide replaced amalgamation and roasting.
Balmer Lake discharges into Balmer Creek from July to January via a control weir. Approximately 1020 m downstream from the weir, treated municipal wastewater from 2000 residents also enters Balmer Creek. Another 3450 m downstream is an open-pit garbage disposal site located adjacent to Balmer Creek, with runoff occurring during snow melt and rain events. Seven kilometres from the weir, Balmer Creek flows into the Chukuni River which eventually flows into the English River. Contami-nation of this waterway by cyanide, metals, metalloids and nutrients has been reported (AQUAMIN 1996) .
Flow from Balmer Lake to Balmer Creek is variable and discharge did not occur during caged fish exposures. Flow rates of 0.06 to 0.33 m/s were recorded in Balmer Creek during the exposures. When discharge is not occurring, about 14% of the creek flow is from the municipal wastewater treatment plant (AQUAMIN 1996) . This plant uses primary and secondary (extended aeration) treatment and chlorinates the effluent. The reference site (Balmer Creek upstream-BCU) is not impacted by discharges of effluents and serves as a source of native forage fishes.
Water
Water samples were collected in acid-washed Nalgene bottles at 0.5-m depth at caging sites for analyses of metal(loids) at day 2 of exposures and 2 days after the exposures. Samples were acidified to 0.5% with trace metal grade nitric acid and maintained at 4°C until analyzed. Fe was analyzed by flame atomic absorption spectrometry using a Varian SpectrAA-20 with deuterium background correction and analyses of As, Cd, Cu, Ni, Pb and Zn were performed by graphite furnace atomic absorption spectrometry employing a Hitachi Polarized Zeeman Z8200 spectrometer. Water was sampled separately for cyanide analysis and submitted to Norwest Labs in Winnipeg, Manitoba, for analysis.
Water samples obtained at the second sampling time were analyzed for total dissolved nitrogen (TDN), total dissolved phosphorus (TDP), dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), Na, K, Ca, Mg, Cl, SO4 and conductivity as described by Stainton et al. (1977) .
Fish
Site BCU serves as an abundant source of forage fish. Pearl dace were collected from BCU using overnight sets of a hoop net and deployed into cages as described in Palace et al. (2005) .
After 14 days of exposure all forty fish were retrieved from cages at BCU, BCD 1 and BCD 2. Some fish escaped from cages at BCD 3, BCD 4 and Chuk 2 so 21, 27 and 11 pearl dace were retrieved, respectively. Because of the large loss of fish at Chuk 2, fish from that site were not analyzed for histological parameters.
Individual fish were anesthetized in pH buffered (pH = 7.0) tricaine methanesulfonate (MS222) (80 mg/L) and whole blood was obtained from the sinus venosus using a heparinized microhematocrit tube. Whole blood was transferred to microcentrifuge tubes and centrifuged in an ice-cooled container at 3000 × g for ten minutes. Plasma was frozen on dry ice in microcentrifuge tubes. Fish to be analyzed for metals and metallothionein (MT) in their viscera were frozen individually in plastic bags on dry ice. Fish to be analyzed for histological parameters were preserved in Bouin's fixative after opening the abdomen and removing the swim bladder to expose the kidney.
Samples were stored at -90°C until analysis. After partial thawing, fork lengths (mm) and total weights (g) were measured on individual fish. Condition factors were calculated as g/mm 3 × 10 5 (Barton et al. 2002) . Viscera containing all abdominal organs, including the gastrointestinal tract with contents, was removed. Metallothionein (MT) and metals were analyzed in pooled viscera generally from 3 fish of the same sex. MT was analyzed by a Hg displacement assay (Klaverkamp et al. 2000) . For analyses of Cd, Cu, Ni, Pb and Zn, viscera were digested using a nitric acid dry-down procedure (Malley et al. 1989 ) and analyzed as described in Klaverkamp et al. (2002a) . Hg was analyzed by cold vapour atomic absorption spectrometry (Armstrong and Uthe 1971) ; and As and Se by semi-automated hydride generation atomic absorption spectrometry (Vijan and Wood 1974) . Certified reference materials were also included in the analyses to assess analytical accuracy. Bovine liver (Standard Reference Material 1577) and oyster tissue (Standard Reference Material 1566), certified and distributed by the U. S. National Bureau of Standards, and dogfish muscle and liver standard reference materials (DORM-2 and DOLT-2), certified and distributed by the National Research Council of Canada, were included. Results were all within the accepted 95% confidence limits of the certified values. All tissue concentrations are expressed on a wet weight basis.
Concentrations of vitellogenin were determined in plasma using an indirect competitive ELISA assay (Palace et al. 2002) employing pearl dace. Tocopherol and retinol concentrations in plasma were analyzed according to procedures described in Palace et al. (2001a,b) .
Fish to be analyzed for histological parameters were removed from Bouin's, washed 3x in 70% ethanol over 3 days. Fork length, total weight, gonad weight and liver weight were determined on preserved fish. A slice of liver, posterior kidney and the first gill arch on the left side were removed for histology. A piece of gonad was taken for definitive determination of sex. All tissues were processed by n-butanol dehydration and embedded in paraffin. Tissue sections were cut at 7 µm and stained with Harris hematoxylin and eosin (Edwards 1967) . The gills of three fish from each group were also stained with the Alcian Blue 2.5 procedure (Pearse 1968 ) to elucidate mucous cells.
Gill, liver and kidney tissue sections were examined. The gills were sectioned through the primary lamellae, perpendicular to the paired secondary lamellae. To estimate general hyperplasia or hypertrophy of the primary lamellae, measurements were made of the primary epithelial thickness on three randomly selected primary lamellae. The epithelial thickness was measured from basement membrane to the epithelial surface midway between adjacent secondary lamellae. For consistency, the epithelium adjacent to the central venous sinus was used. A group of 10 bilateral epithelial widths (5 on each side of the filament axis) was measured on each of the three primary lamellae (a total of 30 measurements per fish). Mean epithelial thickness was calculated for each fish. To determine size of hepatocyte nuclei, the diameters of thirty nuclei were measured, ten from each of three random sites. The hepatocyte volume index (HVI), which refers to the number of hepatocyte nuclei counted in a standard area of 12,060 µm 2 , was also determined. This index gives an indication of relative cell size, i.e., the more nuclei in the standard area, the smaller the cells.
Liver somatic index was calculated as: LSI = [(liver weight)/(total weight -liver weight) × 100]. Gonadal somatic index was calculated as GSI = [(gonad weight)/(total weight -gonad weight) × 100].
With respect to the experimental design, it should be noted that although the power of the design would bene-fit from increased cage replication within site it must be balanced with other factors. Given the application of caged fish exposures to environmental effects monitoring programs, the experimental design must be practical, cost effective and minimize experimental impacts on wild fish populations (AETE 1999) . These factors must be balanced with the benefits of increased replication for statistical robustness.
Statistical analysis was performed using one-way ANOVA followed by Fisher's LSD test to determine significant differences between means. Fisher's LSD procedure was chosen for comparison of means because multiple causes for effects may exist, and because all potential causes should be characterized (Suter et al. 2002) . The level of α was set at 0.05 in all tests. All statistical analyses were performed using SAS version 8.0 (SAS Institute Inc. Cary, N.C., U.S.A. 1999).
Results
Water Chemistry Parameters
Water temperatures at the BCU reference site (11.0-13.8°C) increased over the period of exposure. Dissolved oxygen concentrations and pH values were highest at the BCD 1 site (DO = 16.6 mg/L; pH = 9.07). Water site BCD 2, downstream of municipal wastewater effluent discharges, had the lowest pH with an intermediate DO concentration (DO = 9.3 mg/L; pH = 6.76). Water temperatures were highest in the vicinity of the open-pit garbage disposal area (15.9°C).
Nitrogen and phosphorus concentrations at BCD 2 reflected municipal wastewater input (Table 1 ). Downstream sites also had higher DIC and concentrations of cations than reference sites. Concentrations of metals and cyanide in water collected at the fish cage sites at the start and finish of the exposures are presented in Table 2 .
Fish
The most pronounced differences in metal(loid)s accumulated in fish were As, Ni and Se (Fig. 2) . Relationships between visceral concentrations of As and Ni to concentrations in water were evaluated by linear regression analyses. Visceral As concentrations were related to As concentrations in water (r 2 = 0.58, p < 0.08), but no corresponding relationship was observed for Ni (r 2 = 0.11, p < 0.52). Minor or no differences in visceral metal concentrations were observed for the other metals. Visceral Zn concentrations ranged from 31.5 ± 0.8 to 35.2 ± 1.3 µg/g. Visceral Pb concentrations were at or below the detection limit of 0.01 µg/g with the exception of fish exposed at BCD 4. Visceral Cd concentrations ranged from 0.043 ± 0.005 to 0.095 ± 0.022 µg/g, from 11.3 ± 1.5 to 24.5 ± 7.3 µg/g for Cu, and from 15.7 ± 4.0 to 25.5 ± 2.0 µg/g for Hg. A negative relationship (r 2 = 0.25, p = 0.01) was observed between visceral concentrations of Hg and Se. In the case of Zn, Pb, Cd and Cu, no relationships (p values ≥ 0.34) were observed between visceral metal concentrations and corresponding concentrations in water.
Mean visceral MT concentrations were higher in fish from downstream locations than in reference fish ( Fig. 3) . Weak, but significant, relationships were observed between visceral concentrations of MT and Cd (r 2 = 0.17, p = 0.05) and between visceral MT and Zn (p = 0.03, r 2 = 0.20). No similar relationships were observed with Cu or Hg (p ≥ 0.22). No significant correlations were observed when visceral MT concentrations were regressed against concentrations of individual metals in water.
No pattern consistent with contaminant exposure was observed for plasma VTG (Fig. 4 , top panel) or for retinol and tocopherol (Fig. 4, bottom panel) .
Mean primary lamella epithelium thickness in gills appeared to be most affected in fish exposed to municipal wastewater effluent ( Fig. 6 ). Fish gills from BCD 2 and BCD 3 exhibited more mucous cells on their pri- mary lamellae than from BCU, BCD 1 and BCD 4 ( Fig.  5C and 5D ). Hepatocyte volume index (HVI) was significantly lower in fish from BCD 2 and BCD 3 than in fish from BCU and BCD 4 ( Fig. 7, top panel) , indicating larger liver cells in fish immediately downstream of municipal wastewater effluent discharges. The HVI appeared to be inversely related to amounts of glycogen deposits observed in liver cells, based on subjective microscopic observations. The digestive tracts of fish at BCD 2 were sated with algae and plankton, unlike those at the other sites in which less food had been consumed. Stomach content amounts were variable. Posterior kidneys were also analyzed for evidence of necrosis and renal tubule diame-ter enlargement. No microscopic kidney lesions were observed in fish from BCU, but minor instances of enlarged renal tubule diameter were observed in fish from BCD 1 (2 of 17 fish), BCD 2 (3 of 15 fish), BCD 3 (2 of 7 fish) and BCD 4 (2 of 9 fish). Liver somatic index (LSI) was significantly higher in pearl dace exposed to treated municipal wastewater effluents, likely as a reflection of more food available (Fig. 8) , that was corroborated by the aforementioned stomach content observations. Mean GSIs for females were variable and not statistically different. No significant differences were observed for male GSIs.
Fish from the site (BCD 1) exposed only to mining effluents were significantly shorter and lighter than those from the reference site and the fish exposed to waste- 
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C water effluent had higher condition than fish from the other sites (Table 3 ).
Discussion
Fish populations and communities can be severely impacted by the cumulative effects of multiple contaminant stressors even when the effects of a single stressor are not significant (Colby 1984) . Determining impacts from multiple contaminants using conventional fish population responses can require years to decades. Longterm monitoring of fish population age structure, growth rate, condition factor, age at sexual maturation and population size requires extended study designs and repeated sampling (Gibbons and Munkittrick 1994). Seasonality, variation in biological, chemical and physical properties of habitat and the magnitude and extent of contact to effluents, and physical barriers can also affect results (Munkittrick et al. 2002a; Ribey et al. 2002) . The most serious limitation for this approach is the inability to confirm fish residence and exposure to specific contaminants (Doebel et al. 2004 ). Caged fish pro-vide an alternative to monitoring resident populations and address the exposure issue. Small-bodied forage fish are useful because of their limited mobility.
The current study applies elements of the first five steps of the "cumulative effects-driven assessment" framework of Munkittrick and McMaster (2000) . Specifically, defining the system, developing key indicators and performance assessments and identifying impaired aspects and limiting factors are involved. It is an example of a Class 3 hierarchical framework (multiple chemical stressors acting on multiple ecological receptors) proposed by Harwell and Gentile (2000) .
Chemical measurements of water and pearl dace viscera were used to define the system. Several chemical and physical parameters of water reflect the spring exposure, toward the end of snow melt. Water temperature at the reference site increased 2.5°C over the two weeks and high concentrations of DOC at BCU and BCD sites reflect the boggy, lowland marshes. Highest concentrations of the nutrients P and N at the BCD 2 site are consistent with discharges from a municipal waste treatment plant. Higher concentrations of Na, K, Ca, Mg, Cl, SO4 and conductivity at the BCD sites reflects the influences of mining and municipal effluents. Alkali treatment of the gold mining effluents results in higher pH at BCD 1.
Except for As at BCD 1, snow-melt dilution probably decreased waterborne metal concentrations at BCD 1 and BCD 2 over the 14 days. Conversely, increased surface runoff at the garbage disposal site likely influenced the slight increases at BCD 3 and BCD 4. Dilution was observed further downstream in the Chukuni River. As, Ni and CN appear to be the principal contaminants in the gold mine effluents, with higher concentrations observed in the mainstream sites of BCD 1, BCD 3 and BCD 4. Concentrations of these contaminants were considerably lower in the municipal wastewater effluent but this stream is a major source of Cu and Zn.
Analyses of metals in viscera were conducted to evaluate exposure to metals and to assess bioavailability. Fig. 2. 
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However, viscera contain organisms and debris within the gastrointestinal tract and the internal organs of the fish, so it is not possible to determine if absorption had occurred. These data are useful for deciding if kidney and liver analyses should occur in follow-up investigations. Biological, chemical and physical factors, such as dietary composition, redox conditions, abiotic and biotic transformations, lipid solubility, pH, complex organic matter, sulfur compounds and inorganic complexes affect bioavailability and accumulation of metals in fish (Hopkins et al. 2002; Paquin et al. 2002 Paquin et al. , 2003 Peakall and Burger 2003) . Specifically, these factors regulate accumulation and bioavailability of arsenic (Edmonds and Francesconi 1998) , selenium (Sappington 2002) and nickel (Ankley et al. 1996) in freshwater fish.
Relationships among metal concentrations in water and pearl dace viscera were considered along with simple water chemistry parameters. For example, As and Ni accumulation was evident only in pearl dace exposed to treated mining effluents, i.e., at site BCD 1. Concentrations of these contaminants were an order or two of magnitude higher in water than at the reference site. Significantly higher Se concentrations in pearl dace exposed at the BCD and Chuk 2 sites may have protected the fish against the toxicity of As, Cd and Hg (Klaverkamp et al. 2002a) . Elevated Se has been documented in large- Fig. 5 . Photomicrographs of pearl dace gills after 14 days of exposure and sectioned through primary and secondary lamellae at 7-µm thickness. In panels A and B gills were stained with H&E and in panels C and D gills were stained with Alcian Blue (see Materials and Methods). The scale bar in the lower right of each photomicrograph represents 50 µm. Panel A: demonstrates the thickness of the primary lamella epithelium (between arrows) in a fish from BCU. Panel B: shows the increased thickness of the primary lamella epithelium (between arrows) in a fish representing BCD 2. The open arrow shows a hypertrophied secondary lamella with inflammatory cells near the tip. Panel C: shows mucous cells located in primary epithelia at the base of the secondary lamellae (arrow) from a dace exposed at BCU. Panel D: illustrates the increase in mucous cells observed in gills from dace exposed at BCD 2 and BCD 3. bodied fish exposed to gold mining effluents in this area (Palace et al. 2003) .
The biotic ligand model predicts that higher concentrations of Na, K, Ca and Mg at BCD 1 would be expected to decrease accumulation of cationic metals (Paquin et al. 2002 (Paquin et al. , 2003 . Alkaline pH and high DIC would also decrease bioavailable forms of cationic metals (Paquin et al. 2002 (Paquin et al. , 2003 . Consistent with this prediction, Zn concentrations in pearl dace viscera were lowest at BCD 1.
At the municipal wastewater effluent discharge site, pearl dace viscera concentrations of As and Ni were not significantly different from the reference site. Exposure to As was an order of magnitude lower or more and waterborne Ni was 13 to 51% of concentrations at BCD 1. Although waterborne Zn and Cu were highest at site BCD 2, concentrations in pearl dace viscera were not significantly different from other sites. This would not be expected from the biotic ligand model because concentrations of Ca and Mg were lowest at this site (Paquin et al. 2002 (Paquin et al. , 2003 . However, hydrogen ions which were highest at this site could compete with uptake of cationic metals. Coupled with the facts that site BCD 2 is out of the mainstream of Balmer Creek and that Hg was used for decades to process the gold ore (AQUAMIN 1996) , it is noteworthy that mean Hg concentrations in viscera of pearl dace exposed at this site were the lowest observed.
Lead concentrations were highest in pearl dace exposed to garbage disposal runoff. Batteries, paints and other disposed items are the likely source (Moore 1991). Cd, Cu and Hg can also be present in aquatic systems affected by garbage disposal site runoff (Moore 1991), but surprisingly these were lower in fish from this site. Those observations were not consistent with regulatory factors expected from the biotic ligand model or from concentrations of organics in sediments. Analyses of Mo may provide insight in future studies because concentrations of Cd and Cu have been reported to be significantly lower in fish with high Mo concentrations (Klaverkamp et al. 2002a ).
Whole animal, biochemical, cellular and subcellular performance indicators were assessed in this study. Biochemical indicators have rapid response times, and can be useful for examining mechanisms responsible for effects at higher levels of biological organization and for providing insight on bioavailability of contaminants (Schlenk and Giulio 2002) . Predictive capabilities of bio- chemical indicators to higher, more complex levels is often limited (Hodson 2002) . Metallothionein (MT), vitellogenin (VTG), retinoids and tocopherols have all been used as biochemical indicators in field studies of fish. Metallothionein was considered the most promising and relevant indicator in a Canadian exercise to prioritize biochemical endpoints in fish exposed to metal mining effluents (AETE 1999) . The U.S. EPA recommended analysis of VTG in plasma of male fish for assessing endocrine-disrupting chemicals (Greeley 2002) . Altered concentrations of retinoids show considerable promise as exposure indicators for planar aromatic hydrocarbons, such as PCBs and PAHs found in municipal wastes and garbage disposal sites, and for estrogenic substances (Schlenk and DiGiulio 2002) . Tocopherol depletion is useful as an indicator of exposure to some metals and planar halogenated organochlorines that generate free radicals (Palace et al. 2005) .
Higher MT in viscera of pearl dace exposed to municipal wastewater effluents is consistent with elevated waterborne Cu and Zn and higher visceral Cd. Visceral Zn and Cd were significantly related to MT concentrations. Visceral MT concentrations were lowest in pearl dace exposed only to mining effluent. The alkaline pH and high water hardness at that site probably decreased metal bioavailability (Paquin et al. 2002 (Paquin et al. , 2003 . Moreover, lower Zn concentrations were also measured in viscera of pearl dace exposed at BCD 1. While a previous study reported elevated MT in fish exposed at BCD 1 (Doebel et al. 2004) , this study used whole-body homogenates for analyses and observed lower Zn concentrations and elevated MT concentrations in fish from one of the two reference sites. Both studies observed lower Cu in fish exposed at BCD 4. The authors recommend documenting differences in habitat characteristics and resultant diversities in dietary constituents for fish.
Significant differences in plasma VTG of females and in plasma concentrations of retinol and tocopherol were not associated with contaminant sources. Estrogenic compounds produce elevated VTG in male fish (Werner et al. 2003 ). Males exposed to municipal wastewater effluents had 3 to 5 times higher VTG than fish from the reference site and those exposed to mine effluent.
Tocopherol is a useful indicator of exposure to metals and organic contaminants that generate oxidative stress (Palace et al. 2005) . Tocopherol concentrations were lowest in plasma of fish caged at the site with the highest As and metal concentrations. Longer durations of exposure may have resulted in more severe depletions. In addition to responding to oxidative stress, tissue retinol concentrations can be altered by organic contaminants that induce biotransformation enzymes (Palace et al. 1997) . Concentrations of retinol in plasma were not significantly affected in fish from these studies. Plasma retinol is only a small fraction of the total body complement of the vitamin and plasma concentrations are usually maintained within narrow physiological limits by mobilization from organs such as liver and kidney (Palace et al. 1997) . A thorough investigation of the visceral storage organ concentrations is required to determine whether retinol metabolism can be affected by contaminants at the exposure sites.
Histopathology is useful for assessing adverse effects caused by contaminants at an intermediate level of biological organization in the individual (Myers and Fournie 2002) . While histopathology allows visual localization of lesions in tissues of multiple organs, cells and subcellular organelles it often cannot determine the cause of lesions (Myers and Fournie 2002) . Some of the lesions we observed, including epithelial lifting, presence of inflammatory cells in secondary lamellae and dilation of renal tubules, can be caused by parasites (Myers and Fournie 2002) . Parasites, especially protozoans, were observed in sections of gills and kidneys of fish from most of the sites.
Whether caused by contaminants, infectious agents or a combination, histopathological results observed in our study were related to effluent exposures. For example, pearl dace exposed to municipal wastewater effluents had the highest mean primary epithelial thickness, the highest number of primary mucous cells, and seventy-five percent of the total lesions consisting of lifting of secondary lamellae epithelium and presence of inflammatory cells. Increased epithelial thickness and mucous cell numbers were also observed in pearl dace exposed downstream of BCD 2 providing evidence that causative agents were present or transported further downstream. Enlarged renal tubule diameters were also observed in pearl dace from all four BCD sites, but not in those from the reference site. Exposure to metals can cause increased mucous cell numbers, and greater epithelial thickness due to epithelial hyperplasia (Mallatt 1985; Myers and Fournie 2002) .
Measuring liver and gonadal sizes, and whole animal measurements required for calculating LSI, GSI and condition factors are straightforward. LSI is a general indicator of nutritional/energetic status and of chronic exposure to toxicants (Barton et al. 2002) . LSIs were higher in fish exposed to mining effluents and to munici-pal wastewater effluents. While pearl dace exposed at BCD 1 would be expected to have enhanced nutritional status, they were exposed to high concentrations of metals. Conversely, pearl dace exposed at BCD 2 had the highest LSIs and could have enhanced dietary intake and exposure to toxicants from municipal wastewaters. Wastewaters contain nutrients and contaminants with estrogenic activity (Ternes et al. 1999) .
GSI is an indicator of gonad development and reproductive status in fish (Barton et al. 2002; Greeley 2002) and responds to estrogenic contaminants. Although differences were not significant due to large variability, mean GSIs in female pearl dace exposed to municipal wastewater effluents were five times greater than those observed at BCD 1 and twice as high as those from the reference site.
Condition factor can indicate changes in energy storage, metabolism and feeding activity (Barton et al. 2002) . Although abundances of phyto-and zooplankton were not quantified in this study, the general habitat characteristics of BCD 1 were dissimilar to the other sites. At BCD 1 water was exceptionally clear, and sediments were thoroughly scoured and consisted of gravel, sand and hard clay. Macrophytes were not present. At the reference and other BCD sites, habitats were characterized by the presence of abundant macrophytes and algae. Therefore, fish exposed at site BCD 1 probably experienced reduced feeding activity which led to those fish being significantly shorter and lighter than fish from the reference site. These significant differences, however, were not reflected in different condition factors. At BCD 2 concentrations of N and P were highest, algae, plankton and macrophytes were plentiful, and condition factors were significantly higher than those in pearl dace exposed at BCD sites further downstream. Although whole body and organ measurements have a high degree of ecological relevance, they have been characterized as being relatively insensitive to acute stress (Barton et al. 2002) . While this may be true for large-bodied fish species, our study shows that a representative small, short-lived, forage fish species can demonstrate changes in whole-body and organ parameters when exposed for a relatively short period of time.
Conclusions
Remediation plans for Balmer Creek have concentrated on reducing contaminant inputs from the gold mining operations (Placer Dome North America Ltd. and Goldcorp Inc. 1998). This study demonstrates that contaminant inputs from municipal wastewater effluents and from garbage disposal facilities can also have important impacts. Additional studies using caged fish are required to: (a) identify and quantify food organisms consumed by the fish, (b) analyze organic contaminant concentrations and determine speciation of metals, (c) determine water and sediment parameters affecting bioavailability, and (d) determine effects on fecundity and growth. Caged forage fish can provide results useful for guiding and defining priorities for more thorough effects-driven assessments (Munkittrick and McMaster 2000; Munkittrick et al. 2000) for determining cumulative impacts of multiple contaminant stressors.
